Introduction {#sec1}
============

Lignin, a major component in lignocellulosic biomass, is the most abundant source of aromatic building blocks in nature,^[@ref1]^ and the depolymerization of lignin is capable of producing value-added small aromatic molecules with great potential as fuel additives and platform chemicals.^[@ref2]−[@ref8]^ Unfortunately, the aromatic moieties in lignin are linked by various kinds of robust C--C and C--O bonds,^[@ref9]^ and deconstruction of lignin therefore generates a complex mixture of disparate compounds (monophenols, dimers, and oligomers).^[@ref4],[@ref10]−[@ref14]^ Few studies have focused on the direct use of chemicals from raw biomass deconstruction.^[@ref15],[@ref16]^ Instead, lignin model compounds have been extensively explored toward the formulation of new products for applications, such as thermoplastics, thermoplastic elastomers, coatings, pressure sensitive adhesives (PSAs), composites, and resins.^[@ref17]−[@ref26]^ However, a major unanswered question is "Can these biobased compounds be harvested from raw biomass to produce designer materials in a scalable and cost-effective manner?" Essentially, a huge gap exists between deriving well-defined chemicals from raw biomass and directly utilizing these chemicals for the formulation of specialized consumer products. Robust and scalable depolymerization, purification, functionalization, and polymerization steps, as well as potential recycle and reuse of catalyst and solvents in the process,^[@ref27]^ are necessary to reduce the energy and cost associated with "green" materials fabrication and to encourage the sustained use of biomass-derived materials in mainstream applications.

This report demonstrates, for the first time, the harnessing of aromatic chemicals obtained at high purity and yield directly from raw biomass depolymerization for the preparation of PSAs with commercially viable adhesion properties. A distinguishing feature of this work is that real biomass, and not model compounds or lignin-mimics, was used in the generation of self-assembling, nanostructured, polymer materials.

PSAs are a family of adhesives that instantaneously adhere to a substrate after a small external pressure is applied. PSAs are ubiquitous in everyday life with numerous uses, such as packaging, labels, sticky notes, and plastic wraps,^[@ref28]^ and the global PSA market is growing rapidly with an expected market of \$13 billion by 2023.^[@ref29]^ One important class of PSAs is composed of triblock polymers with glassy end blocks and a rubbery midblock, and the viscoelastic properties of the chosen polymers greatly impact the adhesion performance of the resulting PSAs.^[@ref30]−[@ref32]^ When the rubbery block has a low entanglement molecular weight (*M*~e~), such as polyisoprene \[PI\] (*M*~e~ = 6.1 kg mol^--1^) or polybutadiene \[PB\] (*M*~e~ = 1.7 kg mol^--1^),^[@ref33],[@ref34]^ the resulting composites exhibit high storage moduli and relatively poor adhesion to substrates. Hence, rubbery segment-miscible tackifiers or plasticizers often are blended with these PI- or PB-based block polymers to lower the material's storage modulus and enhance adhesion with the substrate.^[@ref28]^ Acrylate-based block polymers, such as those containing glassy poly(methyl methacrylate) (PMMA) end blocks with a rubbery poly(*n*-butyl acrylate) (PBA) middle block, typically exhibit good adhesion with and without tackifier additives because of the lower effective modulus,^[@ref35]^ and much higher *M*~e~ (*M*~e~ = 28 kg mol^--1^) of the PBA block.^[@ref36]^ Furthermore, *n*-butyl acrylate is an attractive choice as it can be derived from biosourced *n*-butanol.^[@ref37]^ Thus, if the PMMA can be replaced by a renewable and sustainable component,^[@ref38],[@ref39]^ it will be possible to realize fully sustainable PSAs, as will be demonstrated herein.

Results and Discussion {#sec2}
======================

Poplar wood was deconstructed in methanol with a commercially available Ru/C catalyst ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), which is effective and selective to C--O bonds cleavage.^[@ref27],[@ref40]^ The depolymerization details are provided in the [Methods](#sec4){ref-type="other"} section. The aromatic compound-enriched solution was separated from the solid cellulose residue and the catalyst by vacuum filtration, and two prominent monophenolic compounds, 4-propylsyringol (4pS) and 4-propylguaiacol (4pG), were collected, along with small portions of other dihydroxyl-containing components ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Following a simple extraction with cyclohexane, high-purity monophenolic compounds, 4pS and 4pG, were obtained ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) with relative mass fractions of 0.6 and 0.4, respectively, at a total yield of 10 wt % on the basis of weight of dry poplar wood. The removal of the dihydroxyl species is critical to prevent the formation of a cross-linked network during the polymerization process. Then, 4pS and 4pG were efficiently functionalized with either acrylate or methacrylate groups, followed by polymerization via a scalable reversible addition--fragmentation chain-transfer (RAFT) approach (details are located in the [Methods](#sec4){ref-type="other"} section and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)).^[@ref41]^ All polymerizations proceeded in a controlled manner, generating relatively high-molecular-weight polymers with relatively low dispersities. The characteristics of the resulting polymers, poly(4-propylsyringyl acrylate) (P4pSA), poly(4-propylguaiacyl acrylate) (P4pGA), poly(4-propylsyringyl methacrylate) (P4pSMA), and poly(4-propylguaiacyl methacrylate) (P4pGMA), are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The ^1^H NMR spectra of synthesized monomers and polymers are provided in the Supporting Information ([Figures S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). The glass transition temperatures (*T*~g~'s) of P4pSA (98 °C) and P4pSMA (169 °C) were attractive relative to polystyrene (PS, *T*~g~ ∼ 100 °C) and PMMA (*T*~g~ ∼ 110 °C). The *T*~g~'s of P4pGA (56 °C) and P4pGMA (80 °C) with one methoxy group at the *ortho* position were lower than those of P4pSA and P4pSMA, as the existence of two *ortho* methoxy groups constrained rotation of the pendant groups and raised the *T*~g~'s of the dimethoxy-based materials.^[@ref18]^ A copolymer of 4pSMA and 4pGMA also was synthesized to demonstrate the feasibility of making polymers from the original biomass mixture, without fractionation into individual components. The monomer ratio of 4pSMA/4pGMA (0.60/0.40) and the segment content in the polymer (0.58/0.42, as determined via ^1^H NMR spectroscopy) were consistent, suggesting a random incorporation of each substituent in the polymer backbone. The resulting copolymer had a *T*~g~ of 135 °C, which was close to that estimated for a random copolymer of 4pSMA and 4pGMA on the basis of the Flory--Fox equation (∼127 °C). The thermal behavior of these lignin-derived polymers, especially the desirable glass transition temperatures, provides an initial indication of their utility in the PSA materials as will be discussed below.

![Process from Raw Biomass to PSAs (4-Propylsyringol, R = OCH~3~; 4-Propylguaiacol, R = H)](oc-2018-001404_0004){#sch1}

![Gas chromatography (GC) trace of raw biomass depolymerization products before (a) and after (b) extraction with cyclohexane.](oc-2018-001404_0001){#fig1}

###### Characteristics of Lignin-Derived Polymers

  polymer                                                           *M*~n~[a](#t1fn1){ref-type="table-fn"} (kg mol^--1^)   *Đ*[b](#t1fn2){ref-type="table-fn"}   *T*~g~[c](#t1fn3){ref-type="table-fn"} (°C)
  ----------------------------------------------------------------- ------------------------------------------------------ ------------------------------------- ---------------------------------------------
  P4pSA                                                             19.1                                                   1.44                                  98
  P4pGA                                                             29.6                                                   1.29                                  56
  P4pSMA                                                            30.4                                                   1.16                                  169
  P4pGMA                                                            12.4                                                   1.29                                  80
  P(4pSMA-*co*-4pGMA) (0.58/0.42)[d](#t1fn4){ref-type="table-fn"}   26.7                                                   1.26                                  135

Number-average molecular weight, determined by size-exclusion chromatography (SEC) (see the [Methods](#sec4){ref-type="other"} section).

Dispersity, determined by SEC.

Determined by differential scanning calorimetry (DSC) (see the [Methods](#sec4){ref-type="other"} section).

A mixture of 4pSMA and 4pGMA was fed, and the numbers denote the composition of 4pSMA and 4pGMA (mol/mol) in the resulting copolymer.

To demonstrate the ease of producing model consumer products directly from raw biomass depolymerization products, a triblock polymer was synthesized with P4pSA as the glassy end blocks and PBA as the midblock, generating poly(4pSA-*b*-BA-*b*-4pSA) (SaBSa) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} step 3, details are located in the [Methods](#sec4){ref-type="other"} section and the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). The SEC chromatograms of PBA and SaBSa are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and the clean shift in molecular weight from before (*M*~n~ = 49.7 kg mol^--1^, **Đ** = 1.11) vs after addition of the P4pSA end blocks is clearly indicative of the ability to chain extend using the biomass-derived monomers, while retaining substantial control over the polymerization. The final SaBSa polymer had a *M*~n~ of 66.4 kg mol^--1^, a **Đ** of 1.15, and a P4pSA weight percentage of 22%, as determined via ^1^H NMR spectroscopy ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). These macromolecular characteristics were targeted to approximate a commercial poly(MMA-*b*-BA-*b*-MMA) (MBM, Kurarity LA2140e, *M*~n~ = 66.9 kg mol^--1^, **Đ** = 1.12, 23 wt % PMMA) produced by Kuraray Co., Ltd., for use in PSAs.

![SEC chromatograms of PBA (black solid line, *M*~n~ = 49.7 kg mol^--1^, **Đ** = 1.11) and SaBSa (blue dashed line, *M*~n~ = 66.4 kg mol^--1^, **Đ** = 1.15). RI denotes refractive index detector response.](oc-2018-001404_0002){#fig2}

The thermal behavior and phase separation characteristics of SaBSa and MBM were compared by measuring *T*~g~'s and size-scales of microphase separation via DSC and small-angle X-ray scattering (SAXS), respectively. *T*~g~'s corresponding to the PBA-rich domains were detected at −45 °C (SaBSa) and −49 °C (MBM), see also [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf). No clear transition of P4pSA (∼98 °C) or PMMA (∼110 °C) was found. Similar results also have been reported in PSAs with a PBA midblock,^[@ref39]^ likely due to the low weight fraction of the end block in each polymer (∼11 wt % for each end block); however, the similarity of PBA *T*~g~ to that of PBA homopolymer is suggestive of block immiscibility and microphase separation. Nanostructuring in the biobased SaBSa triblock copolymer was confirmed by SAXS (experimental details are given in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). A principle scattering peak (*q*\*) at 0.030 Å^--1^, corresponding to a domain spacing (*D*\* = 2π/*q*\*) of ∼21 nm, was clearly visible in the 1-D azimuthally integrated SAXS data ([Figure S6a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). A similar scattering pattern also was obtained for MBM ([Figure S6c,d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)), which suggested a domain spacing of ∼20 nm.

The overall thermal stability of SaBSa was evaluated by thermogravimetric analysis (TGA), and the bioderived triblock exhibited excellent thermal stability. SaBSa was thermally stable up to 337 °C under air (the temperature at which the weight of the polymer was reduced by 5%), see also [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf). The thermal degradation of MBM also was characterized in air flow, and the thermal stability was much lower, with a 5% degradation temperature of 285 °C ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf)). Furthermore, when comparing SaBSa to other model bioinspired PSAs reported in the literature, the lignin-derived materials herein have thermal degradation temperatures in air that are at least 30 °C higher than acrylate-functionalized glucose, acrylate-functionalized isosorbide, and polyester-based systems,^[@ref38],[@ref39],[@ref42]^ providing a much larger temperature window for processing.

While the thermal parameters are important, adhesion performance is most critical in evaluating the potential of materials as PSAs. Herein, three tests were performed to assess adhesive properties: a 180° peel test (ASTM D3330, width 12.7 mm), a loop tack force test (ASTM D6195, width 12.7 mm), and a shear strength test (ASTM D3654, contact area of 12.7 mm × 12.7 mm). The 180° peel test determines the force needed to tear a strip off the adherend at a constant speed; the loop tack force test measures the bonding strength that forms instantly between adhesive and adherend when they are brought into contact; and the shear strength test probes the resistance of the adhesive to creep under an applied load. In addition to the above test, the mode of PSA failure is qualitatively evaluated as either adhesive (interfacial failure with no residue left on the substrate) or cohesive (failure within the adhesive layer itself, leaving residue on the substrate), noting that adhesive failure is more desirable for removable PSAs, while cohesive failure is more favorable for permanent PSAs.^[@ref28],[@ref39]^

The neat SaBSa polymers exhibited excellent adhesion properties, without the addition of any tackifiers or other additives. The 180° peel force and loop tack force data (stainless steel as the adherend) of SaBSa are presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, and [Figures S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf) (data for MBM, Scotch Magic tape, and Fisherbrand labeling tape also are included for comparison). All samples had adhesive failure, leaving no residue on the adherend. The 180° peel force for SaBSa was in the range 2--4 N cm^--1^, with an average of 3.1 N cm^--1^, which was comparable to commercial Fisherbrand labeling tape (3.5--5 N cm^--1^) and Scotch Magic tape (1.7--2.0 N cm^--1^). By contrast, the 180° peel force for commercial MBM was very low (0.2--0.5 N cm^--1^). The average loop tack force of SaBSa was 2.2 N cm^--1^, comparable to Scotch Magic tape (1.4 N cm^--1^) and Fisherbrand labeling tape (3.9 N cm^--1^), while the MBM samples were not able to bind with the adherend during the loop tack test. In the shear test, a 500 g weight was suspended from a SaBSa polymer strip adhered to a stainless-steel plate, and the time for the SaBSa to detach from the adherend was recorded. Three samples of SaBSa were tested, with a range of failure time 570--810 min. The shear resistance of SaBSa was better than those of commercial duct tape (width 25 mm, failure time ∼200 min), electrical tape (width 20 mm, failure time ∼500 min), and Post-it notes (width 16 mm, failure time \<0.5 min), but not as good as those of Scotch tape (width 20 mm, failure time \>10 000 min) and paper tape (width 25 mm, failure time ∼1400 min).^[@ref43]^ The peel and loop tack forces of biomass-derived SaBSa also were as good as or better than those reported in potentially biobased polyesters-based PSAs (with the addition of tackifier) and acrylic PSAs with glucose or isosorbide components (no addition of tackifier).^[@ref38],[@ref39],[@ref42]−[@ref44]^ These comparisons reveal that biomass-derived SaBSa polymers are extremely promising for PSA applications, without the addition of tackifiers or any other additives.

![Illustration of 180° peel test (a) and loop tack test (d). Photos showing the setup of 180° peel test (b) and loop tack test (e). Comparison of 180° peel force (c) and loop tack force (f) of SaBSa triblock polymer with commercial MBM, Scotch Magic tape, and Fisherbrand labeling tape. In panel f, the red star associated with MBM indicates that MBM did not form a bond with the adherend under the testing conditions.](oc-2018-001404_0003){#fig3}

The tensile strength of PSAs is an inverse indicator of adhesion performance. Typically, when PSAs have high tensile strength (\>2 MPa), tackifying additives are needed to afford good adhesion, and when PSAs have relatively low tensile strength (\<1 MPa), no tackifiers are required.^[@ref38],[@ref39],[@ref42]−[@ref44]^ The stress--strain curves of SaBSa and MBM from dog-bone-shaped specimens (ASTM D638) are shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf). The average tensile strength and elongation at break were 0.73 ± 0.15 MPa and 450 ± 60% for SaBSa, respectively, and 8.1 ± 1.9 MPa and 580 ± 64% for MBM. The relatively low tensile strength of the SaBSa (\<1 MPa), when combined with the previously mentioned adhesion properties, demonstrates the potential of neat SaBSa for PSA applications.

Conclusion {#sec3}
==========

Triblock polymers containing an aromatic monomer from real raw biomass, as opposed to lignin model compounds or lignin-mimics, exhibit excellent thermal and adhesion properties, suitable for applications as PSAs. A major component of this biobased material was obtained from the depolymerization of poplar wood, which led to two aromatic compounds, 4-propylsyringol and 4-propylguaiacol, with high purity and yield after simple purification. Efficient functionalization of the aromatic compounds with either acrylate or methacrylate groups generated monomers that were polymerized by RAFT method to produce homopolymers and random copolymers with high glass transition temperatures. Low-dispersity triblock polymers (SaBSa) with lignin-based and *n*-butyl acrylate monomers also were prepared by RAFT. The polymers exhibited superior thermal stability up to 337 °C in air (more stable than commercial MBM, polyester PSAs, and acrylic PSAs with glucose or isosorbide components). Most importantly, this lignin-based polymer had 180° peel forces up to 4 N cm^--1^ and tack forces up to 2.5 N cm^--1^, which are comparable to commercial Fisherbrand labeling tape and Scotch Magic tape. Thus, this study demonstrates a robust strategy toward the development of high-performance PSAs from chemicals derived directly from raw biomass.

Methods {#sec4}
=======

See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf) for additional descriptions of all methods, characterization data, and experiments; major details are provided below.

 {#sec4.1}

### General Procedure of Lignocellulosic Biomass Depolymerization and Purification {#sec4.1.1a}

Poplar wood powder (1 g, particle size \<0.5 mm), methanol (20 mL), and catalyst (5 wt % Ru/C, Sigma-Aldrich, 100 mg) were added to a 50 mL high-pressure Parr reactor. The reactor was purged with H~2~ three times and then pressurized with H~2~ to a pressure of 40 bar. The reactor was heated to 250 °C and held for 15 h while stirring. After the reaction was completed, the reactor was cooled to room temperature with an external flow of compressed air. The solution containing aromatic monomers was separated from the resultant slurry by filtration. The solid (cellulose, catalyst) was washed with methanol (10 mL, 3 times), and the solution was combined with the previous methanol solution. Methanol was removed using a rotary evaporator at 60 °C, and the residue was extracted with cyclohexane (10 mL, 3 times) to obtain pure 4-propylsyringol (4pS) and 4-propylguaiacol (4pG) mixture in the cyclohexane phase (light brown color). The aromatic monomers from the poplar wood feedstock were analyzed before and after the cyclohexane extraction on an Agilent 7890B series gas chromatograph (GC) equipped with a HP5 capillary column and an Agilent 5977A series mass spectroscopy detector ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The following operating conditions were used: injection temperature of 250 °C, a column temperature program of 50 °C (held for 1 min), heating ramp to 300 °C at 15 °C min^--1^, and then 300 °C (held for 7 min). The detector temperature was 290 °C.

### Synthesis and Characterization of 4-Propylsyringyl Acrylate (4pSA), 4-Propylguaiacyl Acrylate (4pGA), 4-Propylsyringyl Methacrylate (4pSMA), and 4-Propylguaiacyl Methacrylate (4pGMA) {#sec4.1.1}

The aromatic monomer mixture was acrylated following a procedure adapted from the literature,^[@ref18]^ with acryloyl chloride (1.2 molar equiv, Sigma-Aldrich, 97%) used for the synthesis of the acrylates and methacryloyl chloride (1.2 molar equiv, Alfa Aesar, 97%) used for the synthesis of the methacrylates. Additional details and ^1^H NMR characterization data are provided in the Supporting Information text and [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf).

### Synthesis of Poly(4pSA), Poly(4pGA), Poly(4pSMA), Poly(4pGMA), and Poly(4pSMA-*co*-4pGMA) {#sec4.1.2}

Poly(4pSA) and poly(4pGA) (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf) for ^1^H NMR spectra) were synthesized by reversible addition--fragmentation chain-transfer (RAFT) polymerization, using a procedure described in the literature.^[@ref18]^ The initiator, 2,2′-azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, 98%), was recrystallized twice from methanol prior to use. The chain-transfer agent (CTA), 3,5-bis(2-dodecyl-thiocarbonothioylthio-1-oxopropoxy)benzoic acid (BTCBA, Sigma-Aldrich, 98%), was used as received. The polymerization solvent, anisole (Sigma-Aldrich, ≥99.7%) with 5 wt % *N*,*N*-dimethylformamide (DMF, Sigma-Aldrich, ≥99.9%), was prepared and stored on molecular sieves to minimize water content. The same procedure was employed in the synthesis of poly(4pSMA) and poly(4pGMA), except that 2-cyano-2-propyl benzodithioate (CPB, STREM Chemicals, 97%) was utilized as the CTA. A copolymer of 4pSMA and 4pGMA also was made following the procedure mentioned above, but a mixture of 4pSMA and 4pGMA at a ratio of 0.6/0.4 was fed instead of the single monomers.

### Synthesis of Poly(4-propylsyringyl acrylate-*b*-butyl acrylate-*b*-4-propylsyringyl acrylate) (SaBSa) Triblock Polymer {#sec4.1.3}

SaBSa triblock polymer was synthesized in a two-step RAFT polymerization, using BTCBA as the CTA. Poly(*n*-butyl acrylate) (PBA) was synthesized first, following the general procedure described in the previous section, except that the polymer was precipitated into cold methanol. Then, PBA was chain-extended to make the SaBSa triblock polymer. SaBSa was isolated by precipitation in cold methanol three times to remove unreacted 4pSA and dried in vacuum for 2 days at 40 °C. ^1^H NMR data and weight fraction calculations are provided in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf).

### Characterization of Polymers {#sec4.2}

The number-average molecular weight (*M*~n~) and dispersity (**Đ**) of the synthesized polymers and MBM were obtained using a Viscotek VE2001 size-exclusion chromatography (SEC) instrument with THF (Optima) as the eluent (1.0 mL min^--1^) and polystyrene standards (1.78--205 kg mol^--1^) as the reference. Glass transition temperatures (*T*~g~'s) of all polymers were determined using a differential scanning calorimeter (DSC, Discovery Series, TA Instruments). The thermal degradation behavior of SaBSa was characterized using thermogravimetric analysis (TGA, Discovery Series, TA Instruments). Further details of thermal analysis are located in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf). Tensile testing on lignin-based polymers was performed using dog-bone-shaped testing bars (following ASTM D638, bar type 5, 5.3 mm gauge width, 0.8 mm thickness) that were prepared by compression molding into a Teflon PTFE sheet (McMaster Carr) on a PHI hot press. Tensile testing was performed with a RSA-G2 solids analyzer (TA Instruments) in tension mode. Tensile testing on MBM also was performed for comparison, except that the testing specimens were prepared with an aluminum mold. Detailed protocols are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf).

### Adhesion Testing {#sec4.3}

Polymer films were prepared by casting polymer solution onto a 50 μm thick sheet of PET (McMaster Carr). A 30 wt % SaBSa or MBM solution was made by dissolving 100 mg of SaBSa or MBM into 230 mg of *o*-xylene (Sigma-Aldrich, 97%). Polymer films with ∼20 μm thickness were prepared by casting the solution onto a PET sheet using a home-built flow coater^[@ref45]^ at a speed of 10 mm s^--1^ with a blade width of 12.7 mm and a gap height of 100 μm. The films were dried under ambient conditions for 24 h before adhesion testing. A mirrorlike stainless-steel plate (McMaster Carr) was used as the adherend.

#### 180° Peel Test {#sec4.3.1}

A SaBSa film strip was adhered to the stainless-steel plate using a 4.5 lb hand roller. The strips were mounted to a RSA-G2 solids analyzer and tested at a peel rate of 5 mm s^--1^. The peel force was averaged across the plateau in force for four samples.

#### Loop Tack Test {#sec4.3.2}

A SaBSa film strip was formed into a teardrop-shaped loop and mounted to the upper grip of the RSA-G2 solids analyzer. The loop then was lowered onto the stainless-steel plate mounted to the lower grip. The contact length of the strip was ∼30 mm. The upper grip was raised at a speed of 5 mm s^--1^ until the strip detached from the adherend. The maximum force was recorded as the tack force, and the average of three samples was reported.

#### Shear Test {#sec4.3.3}

The film strip was adhered to a stainless-steel plate with a contact area of 12.7 mm × 12.7 mm, using a 4.5 lb hand roller. A 500 g weight then was suspended from the strip, and the average time to failure of three samples was reported.

For the comparison of 180° peel force and tack force to commercial materials, Fisherbrand labeling tape (19 mm in width) and Scotch Magic tape (19 mm in width) were tested using the procedures described above.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00140](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00140).Additional experimental details; ^1^H NMR spectra; DSC traces of the second heating; mass remaining and the first derivative of mass change vs temperature; 2-D SAXS pattern and azimuthally integrated 1-D SAXS data; 180° peel force; loop tack force; stress--strain curves; and photo taken during tensile testing ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00140/suppl_file/oc8b00140_si_001.pdf))
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